Heavy metal oxide thin films of the ternary system Nb 2 O 5 -GeO 2 -PbO have been prepared by pulsed laser deposition in an O 2 environment from either glassy or crystalline bulk samples. The range of ([Pb] + [Nb]) content in which the films are optically homogeneous and transparent is much broader (0.5-1.0) than that of the bulk samples considered in the present work (0.55-0.62). The imaginary part of the refractive index is very low in all cases (k < 10 −3 ), whereas the real part increases linearly with the ([Pb] + [Nb]) content up to values as high as 2.35. The optical energy gap has been found to be strongly dependent on [Pb], whereas it is almost independent of [Nb]. This dependence is discussed in terms of the role of Pb and Nb as network modifiers or formers. PACS 81.15.Fg; 81.05.Kf; 78.66.Jg
Heavy metal oxide (HMO) glasses are characterized by a high content of heavy metals such as Bi or Pb. They have high linear (> 2) and non-linear (up to 10 2 times that of silicate glasses) refractive index and a broad transparency range from the visible up to the mid infrared (IR) (0.4 µm < λ < 8 µm) [1] [2] [3] [4] . These properties are found to strongly depend on the glass composition: the increase of the heavy metal oxide content leads to an increase of both the linear and the non-linear refractive index [1, 2, [5] [6] [7] , whereas the presence of oxides, such as Ga 2 O 3 , helps to increase the IR cut-off wavelength [1, 4] . The broad transparency range in the mid IR is related to a phonon energy that is the lowest among all the oxide glasses (∼ 800 cm −1 ) [1, 8] . This low phonon energy is in addition essential to achieve longer lifetime and better quantum efficiency of the luminescence in the case of rare earth doped glasses [9, 10] . All u Fax: +34-91/564-5557, E-mail: j.gonzalo@io.cfmac.csic.es these properties make HMO glasses very attractive for photonic applications such as ultra-low-loss optical waveguides in the range 2.5-3.0 µm, and more efficient gain or non-linear optical devices [1-3, 9, 11] .
The production of high refractive index, transparent, glassy films is essential for the development of many waveguide devices. Pulsed laser deposition (PLD) has proven to be an excellent technique to produce complex oxide thin films. However, it has seldom been applied to the synthesis of complex oxide glassy materials [12, 13] . This work aims to demonstrate that transparent HMO glassy thin films with a high refractive can be produced by PLD in an extended composition range when compared to the bulk material. The possibility of increasing the fraction of heavy metal cations while maintaining the transparency opens the possibility to tailor the optical properties of the glasses.
The HMO glasses selected for this work belong to the ternary system Nb 2 O 5 -GeO 2 -PbO, in which GeO 2 acts as a glass former that stabilizes the vitreous matrix, whereas Nb 2 O 5 helps to increase the non-linear refractive index, the thermal stability and the chemical durability of the glass. Bulk samples with different nominal compositions were prepared in batches of 20 g by mixing high-purity reagents: PbO (99.9995%), Nb 2 O 5 (99.999%) and GeO 2 (99.999%). Each mixture was placed in a platinum crucible and melted in a furnace at a temperature of 1100-1300 • C for 1 h, then poured onto a brass plate, followed by 1 h of annealing at 450 • C and then cooled to room temperature at 1.5 • C/min. The composition of all the bulk samples prepared is shown in Fig. 1 , in which the approximate bulk glass formation area is indicated. Most of them were opaque, either crystalline or glassy, and only those marked by open symbols were transparent glasses. The relative composition of the bulk samples ([X] = N X /N cat with X = Pb, Nb, Ge or O and N cat = N Pb + N Nb + N Ge ) is shown in Table 1 . The bulk samples shown in Fig. 1 were used as targets to produce the thin films by PLD using a KrF excimer laser beam (λ = 248 nm, τ = 12 ns FWHM) at an oxygen pressure of 5 × 10 −2 mbar. This oxygen pressure was selected since it has been found to lead to non-absorbing HMO glassy thin films [14] . In order to match the different characterization techniques used, films 0.2-0.7-µm thick were grown on polycrystalline sapphire, soda-lime glass and silicon substrates held at room temperature.
FIGURE 1
Composition of the HMO bulk samples used as targets in the present work (in mol%): (•) opaque crystalline, (⊗) opal glassy and (•) transparent glasses. The dashed line indicates the approximate bulk glass formation area Relative target composition and normalized film-to-target content for O, Ge, Nb and Pb for the glassy films produced from the different bulk HMO targets shown in Fig. 1 . Those cases in which the target relative composition is preserved in the films are highlighted. The table has been ordered by increasing ([Pb] + [Nb]) f . The subscripts 'f' and 't' refer respectively to the films and the targets Nuclear reaction analysis (NRA) was used to determine the oxygen content of the films grown on silicon through the nuclear reaction 16 O(d, p) 17 O * at 0.895 MeV. The absolute oxygen content was determined within 4% using a Ta 2 O 5 /Ta reference and the results were corrected for the contribution of the native SiO 2 layer present on the substrates. Cation contents (Pb, Nb and Ge) were measured by Rutherford backscattering spectrometry (RBS) using a 4 He ++ beam at 5.93 MeV. Such a high beam energy was chosen to improve the mass resolution of the experiment. Two methods were used to determine the relative cation composition: (i) the direct comparison of the integrals of the well-separated and backgroundfree peaks, corrected by the respective cross sections (statistical error < 1%) allowed to calculate absolute cation contents by using a Bi reference and (ii) the RUMP simulation code [15] . Whereas the latter could be applied to all films, the former could only be applied to the thinner films. The agreement achieved by the two methods has been excellent. Film and target relative composition will be referred throughout the text with the subscripts 'f' and 't' respectively.
The results obtained from the compositional analysis are summarized in Table 1 , in which the normalized filmto-target content for the different elements are included for increasing [Pb] and [Nb] in the films (([Pb] + [Nb]) f ). The normalized film-to-target oxygen content
shows a moderate oxygen defficiency in most films (≈ 10%-15%). A similar behavior is observed in the case of Ge, although this deficiency is reduced to ≈ 5%-10%. Instead, [Nb] f was found to be similar to that of the targets within ≈ 4%, while [Pb] f shows an enrichment with respect to the target composition ([Pb] f /[Pb] t > 1 in all cases except one). At the oxygen pressure used to grow the films (5 × 10 −2 mbar), the interaction of the plasma generated in the PLD process and the O 2 environment is dominated by the scattering of the ejected species by the O 2 molecules [16] . As a result, the trajectory and kinetic energy of the species are modified, leading to a broadening of the angular distribution of light O or Ge with respect to that of heavy Pb. Thus, a normalized film-to-target content below (above) 1 should be expected for light (heavy) elements in the films [17] . This reasoning is in good agreement with the results shown in Table 1 , in which the normalized content is seen to be minimum for the lightest element (O) and it increases as the atomic mass increases (i.e. in the sense O < Ge < Nb < Pb).
Among the observed compositional variations, the moderate oxygen deficiency can be a critical issue since the structural and optical properties of HMO glasses depend not only on the heavy metal content but also on the formation of bridging and non-bridging bonds with the oxygen atoms [1, 2, 7, 11] . Two of the basic optical properties of HMO glasses have been investigated in the present work, namely the linear refractive index and the optical energy gap. UV-visible absorption and spectroscopic ellipsometry using a LOT-Oriel spectroscopic rotating analyzer ellipsometer were used to determine them. The absorption spectra of the films on sapphire at normal incidence and the ellipsometric parameters of the films on glass (tanψ and cosδ) at 60 • and 66 • were determined in the 0.3-1.7-µm and 0.4-1.7-µm wavelength ranges respectively. The film thickness and the imaginary part of the refractive index (k) were first determined by fitting the absorption spectra. Since thickness and refractive index are cross-related values in ellipsometry, the values obtained in this way were considered as starting parameters for fitting tanψ and cosδ in the studied range using a Cauchy model with Urbach tail. The calculated value of k was very low (< 10 −3 ) in the studied wavelength range and for all the target compositions considered. The comparison of this result with Fig. 1 , where it was seen that the bulk samples are only transparent in a limited range of compositions, allows us to conclude that PLD leads to transparent films in a range of compositions much broader than in the case of the bulk material. This result is not surprising since the instantaneous deposition rates involved in the PLD process (up to 10 3 nm s −1 ) favor the production of metastable material phases [18] .
